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Abstract 
The majority of industrial buildings in China are steel portal frame constructions. An increasingly large number of 
industrial buildings are being built in coastal areas subject to Typhoon. The high strength bolted end-plate connection 
is main type of the connections used widely in industrial construction. There are two kinds of end-plate connections 
in steel portal frames: flush and extend end-plate connections. The main initial imperfection of bolted end-plate 
connection lies in which the thickness of end-plate and column flange can’t meet the code provisions based on a field 
investigation. Considering the effect of initial imperfection, the actual behavior of end-plate connections in steel 
portal frames is seldom fully rigid. The true behavior of the connections is usually semi-rigid. Neglecting the real 
behavior of connections in the analysis may lead to unrealistic predictions of the response and reliability of steel 
portal frames. This paper considers the effects of semi-rigid behavior of the connections in the finite element analysis 
and reliability analysis of steel portal frames. Assuming that the loads and the resistance of members are random 
variables, then the Monte Carlo simulation technique is used to estimate the failure probability of steel portal frame 
system. The results confirm that the thickness of end-plate has a significant effect on safety of steel portal frame. 
© 2011 Published by Elsevier Ltd.  
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1. INTRODUCTION 
The majority of industrial constructions in China are steel portal frames. Bolted end-plate connections 
have been widely used for beam to column joints in steel portal frames. Conventional analysis and design 
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of steel portal frames are fully rigid. Such idealized joint behavior great simplifies the analysis and design 
process, but the predicted response of the idealized structure maybe quite unrealistic compares to the 
response of actual structure. The end-plate connection exhibits semi-rigid behavior.  
In current Chinese steel structures design code (GB 5009-2001), the bolted end-plate connection is 
calculated and designed as a rigid connection which requires the connection has enough rigidity. But the 
constructional detail of some end-plate connections can not satisfy the requirement of rigid connections. 
Generally speaking, the rigid-joint assumption will lead to underestimate frame drift and overestimate 
strength and stability of frame.  
In the past several decades, considerable research has been carried out to assess the actual behavior of 
connection and develop some mathematical models for connection stiffness. Barakat and Chen 1990 
proposed a procedure for analysis and design of semi-rigid frames. Faris and Kitipornchai 1992 used 
nonlinear elastoplastic behavior of semi-rigid connections in the analysis of space frames. Kishi et al 1993 
developed a three-parameter power model for modeling the connection behavior in analysis and design. 
However, much of the past research has been focus on the deterministic analysis and design problem 
without due attention to the reliability analysis of steel portal frame. 
Base on field investigation, some of the thickness of end-plate and column flange of frames is not 
enough according to code provisions. Rather less research has been done to evaluate the effect of initial 
imperfection of end-plate connections on safety of frame. 
The object of the study is to assess the influence of the initial imperfection on the safety of steel portal 
frame under wind load. 
2. Finite element analysis of the end-plate connection 
2.1. Finite element model 
Finite element software ANSYS is used for the analysis of bolted end-plate connection. In the 
three-dimensional models, 10-node solid element SOLID 92 is adopted to model the beam, column, 
end-plate and bolts. The interfaces between the end-plate and column flange are meshed by creating 
contact pairs with 3-D target surface element TARGE170 and 3-D 8-node surface-to-surface contact 
element CONTA174. 
The constitutive law of steel is taken as elastically perfect plastic with a Poisson’s ratio of 0.3. The 
application of pre-stress on the high strength bolts is realized by pretension element PRETS179. Once all 
bolts are pre-tensioned and locked, external load is applied incrementally to capture nonlinearities due to 
material, geometric and contact. Figure 1 shows a typical FEA model of bolted end-plated connection. 
The steel for beam, column and endplates is grade Q235. The yield strength of steel is 235MPa, and 
that of high strength frication grip bolts (including bolt heads, shanks and nuts) is 990MPa. The steel 
elastic modulus is MPa. The pre-tension force applied on each high strength friction grip bolts 
is 155kN, and the friction coefficient of contact surface between end-plate is 0.4. 
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Figure 1: The finite element model of beam-column connection. 
2.2. Parametric study 
To assess the effects of initial imperfection on behavior of the bolted end-plate connections, two 
groups of beam-column connections are analyzed. One group is extended bolted end-plate connection; the 
other one is flush bolted end-plate connection. EX and FL stand for extended and flush bolted end-plate 
connection, respectively. Each group consists of three specimens as shown in Table 1. EX-1 and FL-1 are 
standard extended and flush bolted end-plate connection in which the thickness of end-plate and column 
flange are in accordance with Chinese provision CECS [1]. EX-2 and FL-2 are connections with enough 
thickness of end-plate while insufficient thickness of column flange. EX-3 and FL-3 have insufficient 
thickness both of end-plate and column flange.  
Table 1 shows the yield loads yP , yield moments yM  and the initial rotation stiffness of two 
groups end-plate connections based on finite element analysis. The initial rotational stiffness is taken as 
the secant stiffness corresponding to two-thirds of the design plastic moment resistance of the beam 
according to European codes 3.  
iniR
The initial rotational stiffness of specimens with insufficient thickness reduces by 6.18% and 7.28% 
for extend end-plate connection, and by 4.46% and 4.40% for flush end-plate connection. From Table 1 it 
was found with the decrease of column flange thickness the initial rotational stiffness decrease. Under the 
conditions of same thickness of end-plate and column flange, the initial rotational stiffness of Extend 
end-plate connection is a bit larger than that of flush end-plate connection. Besides, the initial rotational 
stiffness is more sensitive to the thickness of column flange. 
Figure 2 shows the Moment-Rotation curves of the six end-plate connections. Blue diamond line 
represents the result of Finite element analysis. In order to let moment rotation curves can be easily 
incorporated into nonlinear finite element model of the whole frame. Bilinear model relation is adopted in 
this study. Red line denotes bilinear model relation of Moment-Rotation. 
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Table 1: Finite element analysis result 
Joint type Joint NO. 
End-plate 
thickness(mm) 
Column flange 
thickness(mm) y
P (kN) yM (kN-m) iniR (u kN-m/rad) 
410
Extend 
end-plate 
EX-1 18 18 129.7 194.5 1.2963 
EX-2 18 11 119.1 189.5 1.2162 
EX-3 14 11 117.1 187.1 1.2019 
Flush
end-plate 
FL-1 18 18 130.1 195.1 1.2346 
FL-2 18 11 126.3 189.5 1.1795 
FL-3 14 11 124.7 187.0 1.1803 
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Figure 2: Moment rotation curve of six connections (from EX-1 to FL-3). 
3. Reliability analysis of the steel portal frame 
3.1. Method of reliability analysis 
There are many sources of uncertainties in structural design, for example, uncertainties in loads, 
strength capacities and material properties.  
The reliability of a structure is denoted by the reliability index E  which is defined by 
 1 1 fPE  )  (1) 
Where  1) x  is inverse standard normal cumulative distribution function, fP  is failure 
probability. Several methods of system reliability evaluation have been developed for different structures. 
One of the simplest and relatively accurate methods that can be used to estimate the reliability of a 
general system is the Monte Carlo simulation technique (Nakib 1997). In this method, samples of the 
independent basic variables are generated according to their probability density functions. 
In this research, annual maximum wind speed and live load are assumed to have an Extreme Value 
Type I distribution. Dead load, resistance capacities of members in tension, compression and bending are 
assumed to be normal distribution. Since the goal of this research is evaluating the effective of semi-rigid 
behaviors and initial imperfection of connection on the reliability of frame under wind loads. Only wind 
load is considered as random variables. For each random sample, the effect of external load for each 
member is calculated and compared to the resistance capacities. If the effect of external load is greater 
than the resistance capacities, then failure has occurred for this random sample. The probability of failure 
is calculated by equation (2) 
f
N
P  f
N
(2)
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where fN N
W
 is the number of failure , and  is the total number of the random sample.  
3.2. Reliability analysis of a typical steel portal frame 
In this study a typical one bay 2-D steel portal frame with span length of 18m and column height 8m 
was analyzed to show the effect of semi-rigid connection and initial imperfection on safety of portal frame. 
The one-bay steel portal frame is shown in Figure 3. Basic wind speed is 0.6m/s. Dead load and live load 
are 0.3kN/m and 0.15kN/m respectively.  
According to Chinese provision (CECS 102 2003), wind load can be calculated by 
0k s zW P P (3)
where k  is standard value of wind load, 0  is the basic wind pressure, W W sP  is wind pressure 
height coefficient, and zP  is profile coefficient of wind load.  
According to Load Code of Building Structure (GB 50009-2001 2002),  is given by 0W
2
0 1600(k N/ m )w v 
2
v
(4)
where  is basic wind speed.  
This portal frame is analyzed by finite element. The beams and columns are simulated by beam 
element. Each connection is created by the superposition of two nodes, one at the beam and the other at 
the column. The elements are linked by coupling the two coincident nodes. An additional rotational spring 
is required at the connections. For the sake of simplicity, the behavior of the connections is defined by 
bilinear model as shown in figure 2.  
Figure 3: Geometry of the steel portal frame (mm). 
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Table 2: Reliability index of frame component 
Joint type Joint No. 
Strength of 
column 
In-plane 
stability of 
column  
Out-of-plane
stability of 
column 
Strength of 
beam 
Stability of 
beam 
Frame drift 
EX-0 4.6789 4.3978 4.3879 3.4568 3.2567 1.4563 
Extend 
end-plate 
EX-1 3.6733 3.2778 3.2778 2.9642 2.5826 1.1258 
EX-2 3.4313 3.0157 3.0447 2.8800 2.4309 0.6638 
EX-3 3.4315 3.0157 3.0447 2.7722 2.3809 0.6632 
Flush
end-plate 
FL-1 3.6011 3.1830 3.2008 2.8842 2.5012 1.0858 
FL-2 3.3512 2.9416 3.0432 2.7785 2.3905 0.5918 
FL-3 3.3512 2.9400 3.0210 2.7715 2.3805 0.5817 
The results of reliability analysis of the frame with 40,000 Monte Carlo simulations are shown in Table 
2. EX-0 is reference specimen and has same size as EX-1. It was considered as rigid connection when 
analyzed. Table 2 shows reliability index of strength, stability and frame drift for beam and column. 
It can be seen from Table 2 that a large difference exists in rigid and semi-rigid modeling between 
EX-0 and EX-1. All the reliability indexes of EX-0 are less than those of EX-1. The importance of 
semi-rigid behavior of the connections in the evaluation of the reliability of the structural component is 
quite evident. By comparing EX-1 and EX-2, it appears that all the reliability indexes of EX-2 are less 
than those of EX-1. That is to say, with the decrease of column flange thickness the reliability indexes 
decrease. It demonstrates that the insufficient thickness of column flange greatly affects safety of frame. 
However, EX-2 and EX-3 have almost the same reliability index. Compared to column flange, 
insufficient thickness of end-plate had no remarkable effect on reliability index. Frame drift is 
significantly affected by insufficient thickness of column flange. Similar observations can be made for 
flush end-plate connection. 
4. CONCLUSIONS 
The purpose of this study was to investigate the reliability of steel portal frame with initial 
imperfection subject to wind load. This was achieved through reliability analysis of components in two 
typical initial imperfections. That is the thickness of end-plate and column flange are not enough 
according to code provision. Six specimens of end-plate connection were modeled by 3D finite element. 
The moment-rotation curves were got and reduced as bilinear model. The conclusions are drawn as the 
following: 
(1) Compared with rigid connection and semi-rigid connection, the reliability indexes of frame 
component of with rigid connection are all higher than that of semi-rigid connection. In other words, 
assumption of fully rigid connections in the reliability analysis is quite unsafe and can lead to 
underestimating the failure probability. 
(2) Whether flush or extend end-plate connection, insufficient thickness of column flange has a 
significant effect on safety of portal frame. However, the insufficient thickness of end-plate is only 
affected slightly. 
REFERENCES 
[1] Barakat M and Chen WF (1990). Practical analysis of semi-rigid frames. Engineering Journal AISC. 27(2),pp.54-68. 
H.J. DUAN et al. / Procedia Engineering 14 (2011) 2164–2171 2171
[2] CECS102:2002 (2003). Technical specification for steel structure of light weight building with gabled frames. Chinese 
Construction Standard. 
[3] CEN Eurocode 3 (2005). Design of steel structures. Part1-1 General rules and rules for building.  
[4] Faris GA and Kitipornchai S (1992). Elastoplastic nonlinear analysis of flexibly jointed space frames. Journal of Structural 
Engineering. 118(1), pp.108-127. 
[5] GB 5009-2001 (2002). Load code for design of building structures. Chinese Construction Standard. 
[6] Gao L and Halder A (1995). Safety evaluation of frames with PR connections. Journal of Structural Engineering. 121(7), pp. 
1101-1109. 
[7] Kishi N, Chen WF and Goto Y (1993). Design aid of semi-rigid connections for frame analysis. Engineering Journal AISC. 
30(3), pp.90-107. 
[8] Nakib R (1997). Deterministic and reliability-based optimum of truss bridges. Computers and Structures. 65(5), pp. 767-775. 
[9] Song J and Ellingwood BR (1999). Seismic reliability of special moment steel frames with welded connections. Journal of 
Structural Engineering. 125(4). pp. 357-371. 
